A nonaxisymmetric stable magnetohydrodynamic ͑MHD͒ equilibrium within a prolate cylindrical conducting boundary has been produced experimentally at Swarthmore Spheromak Experiment ͑SSX͒ ͓M. R. Brown et al., Phys. Plasmas 6, 1717 ͑1999͔͒. It has m = 1 toroidal symmetry, helical distortion, and flat profile. Each of these observed characteristics are in agreement with the magnetically relaxed minimum magnetic energy Taylor state. The Taylor state is computed using the methods described by A. Bondeson et al. ͓Phys. Fluids 24, 1682 ͑1981͔͒ and by J. M. Finn et al. ͓Phys. Fluids 24, 1336 ͑1981͔͒ and is compared in detail to the measured internal magnetic structure. The lifetime of this nonaxisymmetric compact torus ͑CT͒ is comparable to or greater than that of the axisymmetric CTs produced at SSX; thus suggesting confinement is not degraded by its nonaxisymmetry. For both one-and two-spheromak initial state plasmas, this same equilibrium consistently emerges as the final state.
I. INTRODUCTION

Spheromak
1-5 and reversed-field pinch ͑RFP͒ ͑Ref. 6͒ plasmas ͑as well as other more exotic configurations 7 ͒ are well described by Taylor relaxation theory. 8, 9 Even for initial conditions very far from equilibrium, these plasmas will settle to stable magnetic configurations dependent only on the shape of their conducting boundary and the total magnetic helicity initially present in the plasma ͑and, in the case of the RFP, the toroidal flux͒. Taylor's proposal that the dynamics of these plasmas conserve the total helicity while seeking a state of minimum magnetic energy leads to the condition that such "relaxed" states satisfy
where is a constant. Taylor states are therefore force-free ͑J ជ ϫ B ជ =0͒ but with a spatially invariant ratio of J / B. This important characteristic indicates the relaxed nature of the plasma and its insensitivity to the details of the initial conditions that would otherwise be preserved if the plasma obeyed ideal magnetohydrodynamics ͑MHD͒. The inclusion of even a small amount of resistivity is essential. Taylor envisioned a turbulent relaxation process where reconnection occurred on small scales to render meaningless the infinite number of ideally conserved helicities of individual flux tubes, so that the only possible ideal invariant preserved for a real ͑resistive͒ plasma would be the total helicity. Magnetic relaxation is considered to be an example of self-organization: the tendency for large scale structure to appear in a variety of physical systems. Hasegawa 10 reviewed how systems as diverse as optical solitons, zonal flows in rotating planetary atmospheres, two-dimensional fluid, 11 as well as MHD turbulence ͑as Taylor presumed for relaxation dynamics͒ have been shown to be self-organizing as a consequence of their general properties as dissipative continuous systems with more than one ideal invariant.
This paper provides further description of a nonaxisymmetric magnetically relaxed ͑self-organized͒ plasma 12 produced within an elongated cylindrical conducting boundary. The internal magnetic structure of this compact torus ͑CT͒ plasma is measured in detail and found to contain a helical distortion and pure azimuthal ͑toroidal͒ m = 1 symmetry. A general method 13, 14 to calculate the Taylor state within a cylindrical boundary is reviewed and the states for large aspect ratio ͑length L to radius R͒ are analyzed; for the L / R =3 aspect ratio of the experiment, the Taylor state structure agrees well with the measured structure. Furthermore, the spatial profile of lambda is measured to be roughly flat and consistent with the constant value computed for the Taylor state. The experiment can be started with either one or twospheromak plasmas, yet the same self-organized state appears following a period of strong MHD activity.
II. EXPERIMENT
A sketch containing the essential elements of the Swarthmore Spheromak Experiment ͑SSX͒ ͑Ref. 15͒ is shown in Fig. 1 . Pulsed-power driven coaxial magnetized plasma guns produce hydrogen spheromaks on either end of a conducting ͑copper͒ cylindrical boundary of length L = 63 cm and radius R = 20 cm. The cylindrical boundary is split at the midplane for diagnostic access, but each half is electrically connected via the outer electrodes of the plasma guns and the vacuum chamber ͑not shown in Fig. 1͒ plasma guns are independent so that one or both can be operated for a given experiment. The polarity of the magnetic coil on each gun controls the sign of the helicity of the spheromak produced. For the two-spheromak experiments described here, the guns produced spheromaks of roughly the same magnitude and sign of helicity; this is referred to as a cohelicity merging experiment. 16 Twelve linear magnetic probes are inserted radially for internal magnetic structure measurements. Each linear probe makes eight B ជ measurements spaced 2.5 cm radially. The time resolution of these measurements is 0.8 s, sufficient to track the MHD timescale evolution of the plasma. Sets of four are located at the midplane ͑z =0͒ and at z = Ϯ 21.6 cm with each set equally spaced azimuthally. Subsequent analysis will rely on the azimuthal Fourier decomposition of the data from each set of four probes. The m =0 ͑axisymmetric͒ and m = 1 modes can be fully resolved and the m = 2 mode is partially resolved.
The diagnostics used for these experiments including the magnetic probes are the same as those described in Ref. 17 with the addition of a fast high spectral resolution ion Doppler spectroscopy ͑IDS͒ instrument. 18 Plasma conditions are monitored by quadrature interferometry for electron density n e and with the IDS instrument to determine the carbon ͑impurity͒ ion temperature T i . Note that the IDS measurements were made with the magnetic probes removed from the plasma. Magnetic measurements have an uncertainty of about 20 G and systematic error from phase drift in the n e measurement is estimated at less than 1 ϫ 10 14 / cm 3 .
Gaussian lineshape fitting determines T i and its uncertainty; the minimum resolvable T i ͑the "instrument temperature" associated with the spectral resolution͒ is 3.4 eV. The electron temperature was not measured for these experiments, but vacuum ultraviolet spectroscopy of similar SSX plasmas has recently been used to determine T e Ϸ 15 eV by analysis of the line intensity ratio of carbon III to carbon IV resonant transitions. 19 All of these measurements are made with time resolution and acquisition rate that is faster than the MHD timescale of the plasma. Figures 1 and 2 show the magnetic structure observed at two times in the evolution of the plasma for a cohelicity merging experiment. The data ͑vectors͒ in Fig. 1 show the initial state of the plasma to be mostly axisymmetric and resembling two spheromaks placed next to one another. The toroidal field of each spheromak as well as the reversing poloidal field is evident in the z = Ϯ 21.6 cm data of Fig. 1 . This configuration evolves initially via a tilting instability followed by more complex dynamics until it settles into the structure shown in Fig. 2 . This structure is clearly not axisymmetric. Instead, the magnetic structure looks like a spheromak inserted at a right angle to the geometric axis of the cylinder: 20 the top left panel ͑rz plane containing = 45°͒ in Fig. 2 resembles the poloidal structure of a spheromak ͑i.e., the geometric axis of the plasma has aligned with a pair of the magnetic probes͒, while the top right panel ͑rz plane containing = 135°͒ resembles "toroidal" fields. This picture is, however, not correct; Sec. III will present a more complete model for the structure of this state. Once formed, this structure persists for the lifetime of the plasma.
Fourier analysis of the azimuthal structure shows that this state is dominantly an m = 1 mode. For example, in the top left rz panel of Fig. 2 , B z changes sign when moving along a diameter across the plasma ͑i.e., there is a cos dependence͒. This is demonstrated in greater detail in Sec. IV. Figure 3͑a͒ collapses the detailed magnetic structure down to the strength in each of the Fourier modes averaged over all the magnetic measurements. The time dependence shown in this figure reveals the dynamical evolution of the plasma from a mostly m = 0 structure ͑axisymmetric͒ to the pure m = 1 state of Fig. 2 , as described above. The time dependences in Fig. 3 of the magnetics, as well as the electron density and ion temperature measurements show that the strong MHD activity present early in the evolution settles once the nonaxisymmetric state forms and the plasma subsequently decays self-similarly without significant fluctuations. The gross characteristics of this relaxed state are B Ϸ 1 kG, n Ϸ 4 ϫ 10 14 / cm 3 , and T e,i Ϸ 10 eV, making it a low ␤ Ͻ 0.1 plasma well described by MHD.
Experiments with only one of the plasma guns discharged produce the same final state structure as the cohelicity merging experiments. The initial state shown in Fig. 4͑a͒ is again a mostly axisymmetric state resembling a single spheromak that has not quite filled the entire cylindrical volume. The spheromak begins to tilt and eventually settles to the structure shown in Fig. 4͑b͒ , which contains the same features as described for Fig. 2 for the merging experiment.
III. TAYLOR STATES IN A CYLINDRICAL BOUNDARY
Application of Taylor's theory to compact toroidal plasmas produces a direct relationship between the magnetic energy W and total helicity K given by W = K / 2 0 ͑Ref. 9͒. This means that, of the many possible solutions to ٌ ϫ B ជ = B ជ , the Taylor state ͑minimum magnetic energy͒ must be the one with the smallest value of .
The work in Refs. 13 and 14 made use of these criteria to evaluate the tilt stability of spheromaks, but in doing so this work also effectively determined the Taylor state for any aspect ratio conducting cylinder with no flux at the boundary; this analysis is repeated below. To proceed with the general solution for the Taylor state for arbitrary L / R, the following representation for the magnetic field is assumed: Truncating the summation at finite order N and evaluating at 2N + 1 locations in z produces a linear system of equations that is evidently a null mapping of the coefficients a n . The condition that the determinant must be zero therefore specifies possible values of . Figure 5͑a͒ shows the determinant evaluated as a function of for L / R = 3 and m = 1. Two valid solutions at R = 3.53 and R = 4.40 are shown ͑there are however an infinite number of solutions͒; there are also spurious roots appearing at = n / L. Once a valid is determined, the corresponding a n needed to compute the fields can be evaluated by using the same system of equations. The structure of Taylor states with L / R = 10 and L / R = 3 is shown in Figs. 6 and 7 . Evidently, the essential aspect of the structure of these states is their helical character. The m = 1 symmetry is simply a necessary ingredient of the helical structure. These states can be pictured as a closed loop of flux that has been flattened ͑opposite sides of the loop brought together so that it may be fit into the cylindrical boundary͒, and then twisted. In this picture, the positively and negatively signed isosurfaces of B z shown in either Fig.  6 or Fig. 7 correspond to the flux from opposing sides of the loop that have been pushed against one another and the helical rotation of these structures corresponds to the twist of the loop.
The pitch of the twist is, however, not arbitrary. As L / R gets larger, the structure approaches that of a pure helical wavenumber kR Ϸ 1.23. Figure 5͑c͒ shows the k dependence of the coefficients a n in the expansion of B z obtained from the numerical analysis described above. The spectrum clearly narrows with increasing L / R, and the breadth of the spectrum for finite L / R simply reflects the relative importance of the finite length of the plasma. The solution for infinite L / R becomes the same as the cylindrical approximation of the RFP with zero axial ͑toroidal͒ flux, which is known to be the Taylor "double helix" solution that has a pure cos͑kz + ͒ dependence with kR Ϸ 1.23. 9, 21 Note that the value of R in Fig. 5͑b͒ approaches 3 .11 at large L / R, which corresponds to the value at which the RFP Taylor states also have a transition to nonaxisymmetric solutions.
The numerical solutions described above were found to be in very good agreement with a computation using the PSI-TET code. 22 In addition, the HiFi code 23 was used to follow the dynamical evolution of the cohelicity merging process using the second order Bessel function ͑double͒ spheromak solution as the initial state. The final state shown in Fig. 7͑b͒ is seen to be in good agreement with the Taylor state. Details of the dynamics of this process are described in Ref. 24 .
IV. RESULTS
The experimental measurements can now be compared in detail to the predictions of the Taylor theory. In particular, if the plasma is magnetically relaxed, it should have a flat spatial profile of with a value predicted to be R = 3.53 from the above analysis, which for the R = 0.2 m cylinder used in the experiment gives = 17.7 m −1 . Note that may be expressed as
͑5͒
The data permit a determination of if the m Ͼ 1 contributions are neglected so that the azimuthal Fourier analysis using only the resolved m = 0 and m = 1 modes are used to compute derivatives. Figures 8͑a͒ and 8͑b͒ show the results of such an analysis for both cohelicity merging and for a single spheromak initial state. The profile is indeed relatively flat for both initial experimental conditions, and consistent with the minimum energy Taylor Figures 8͑c͒ and 8͑d͒ show that the value of remains steady once the relaxed state is formed, also for both initial conditions. In this context, it is worth noting the large amount of resistive decay evident in Fig. 3 . To better understand the measured structure and compare to the Taylor state calculations, the azimuthal Fourier decomposition ͑dropping the m = 2 mode͒ is once again used to generate the contour plots of B z , B r , and B displayed in Fig.  9 . The dominance of the m = 1 mode is now clearly evident in the positive ͑red/yellow͒ and negative ͑blue/green͒ structures in each r-plane, consistent with the prediction of a pure m = 1 symmetry for the Taylor state. Furthermore, moving along the cylindrical axis, the lobes of closed contours seen in all components clearly rotate in , indicating that the structure is helical. There is about a half-twist ͑ rotation͒ resolved in the data. The oppositely signed lobes are consistent with the picture developed for the general structure for Taylor states with large L / R; for example, a flux tube associated with the positive lobes of B z followed from one end of the cylinder will turn around at the other end and become the adjacent negative lobes. Figure 10 shows the Taylor state structure for L / R =3 displayed in the same manner as the experimental data in Fig. 9 . The agreement is evidently quite good. The total helicity is the only free parameter, which was adjusted to give the best visual agreement with the data ͑in principle there is an additional global azimuthal rotation required, but the plasma tended to align itself with a pair of the magnetic probes so the orientation of the Taylor state was straightforward͒.
V. DISCUSSION AND SUMMARY
Because the same helically distorted, nonaxisymmetric stable CT plasma emerges in the final state for two very different initial states, i.e., not only for the two-spheromak cohelicity merging experiments but also for the onespheromak single plasma gun discharge experiments, it seems likely that some self-organization process is at work. Both plasmas evolve to structure characterized by the longest length scale of the system, a behavior typical of selforganization. For cohelicity merging, the two spheromaks in the initial state have a characteristic length no larger than half the length of the cylinder and clearly evolve to a state that relaxes into the full length of the cylinder. The two initial states possible with this experiment are approximately the two lowest order Bessel function model spheromak states, which have values R = 3.98 and 4.36, respectively. Since 1 / is a length scale, the helically distorted nonaxisymmetric relaxed state with R = 3.53 clearly has a larger characteristic scale length than either initial states. The behavior of these plasmas in three-dimensional MHD is somewhat analogous to the inverse cascade which gives rise to large scale structure in two-dimensional fluid turbulence. While there is no evidence for the turbulent relaxation process Taylor envisioned in order reach the relaxed state quickly, the excellent agreement of the experimental data with the computed Taylor state likely means that the selforganizing processes do conserve the total magnetic helicity.
The lifetime of this CT is comparable to or greater than the lifetime of other CTs produced at SSX. The FRC-like object resulting from counterhelicity merging 17 always was tilt unstable, but the axisymmetric "dipole-trapped" spheromak 25 the nonaxisymmetric CT. This comparison suggests the nonaxisymmetry of the configuration does not negatively impact its confinement properties. However, the resistive decay timescale may be computed using the Taylor state properties to be −1 = 2 / 2 0 , which gives the significantly longer timescale = 510 s for T e =10 eV ͑ = 180 s for T e =5 eV͒.
To summarize, this paper describes the magnetic selforganization of a nonaxisymmetric CT plasma. For both oneand two-spheromak initial conditions, the plasma spontaneously evolves to the same helically distorted stable MHD equilibrium with m = 1 azimuthal symmetry. The flat spatial profile of measured for this CT shows that it is a magnetically relaxed plasma. Because the internal magnetic structure agrees well with the predicted Taylor relaxed state, the total helicity is likely a robust invariant. The structure of this CT can be described as the Taylor double helix with finite length effects or as a tilted and twisted spheromak.
